ABSTRACT: Several data indicate a connection between Chlamydophila pneumoniae infection and asthma. Although C. pneumoniae is a common cause of infection, not all infected patients develop asthma. This suggests that certain individuals may be genetically predisposed to the chronic effects of C. pneumoniae infection on airway functions. We investigated the possible modifying effect of different polymorphisms on C. pneumoniae infection and on the susceptibility to asthma in 318 children, among those 144 had asthma and 174 had no asthmatic symptoms. C. pneumoniae-specific antibodies were measured by ELISA. Tumor necrosis factor-␣ (TNF␣), monocyte chemoattractant protein-1 (MCP-1), and RANTES (regulated on activation normal T cell expressed and secreted) genotypes were determined by PCR-restriction fragment length polymorphism (RFLP). There were no significant differences in the percentage of children positive for C. pneumoniae-specific antibodies between cases and controls. None of the genotypes was associated with altered susceptibility to C. pneumoniae infection. Among asthmatic children carrying the TNF␣ -308A allele, there were significantly more patients positive for C. pneumoniae-specific IgG, than among control children carrying the same allele (20.1% versus 9.2% of asthmatic versus control children, respectively; p ϭ 0.002; odds ratio ϭ 3.52 (1.52-7.53); p ϭ 0.005). This study indicates the possible roles of polymorphisms in the immune system in the susceptibility to asthma in children infected with C. pneumoniae. (Pediatr Res 60: 543-548,
A sthma is a chronic disease of the airways characterized by increased bronchial responsiveness to a variety of stimuli. Previous studies suggest that asthma is a multifactorial disease influenced by genetic and environmental factors (1) .
Chlamydophila pneumoniae is a common respiratory pathogen, and, although many infections are believed to be asymptomatic, a growing body of evidence implicates an association between C. pneumoniae infection and asthma in some individuals (2, 3) . It has been estimated that most people have two or three C pneumoniae infections during their lifetime (4) , which raises the question, why do some experience asthmatic symptoms and others not? As several data indicate, genetic factors must play a role in the susceptibility to the disease and influence the lower respiratory response to C. pneumoniae infection.
TNF␣ is a proinflammatory cytokine that is found in increased concentrations in asthmatic airways (5) . The large and stable interindividual differences in TNF␣ production indicate a genetic background. Wilson et al. (6) raised considerable interest with their report that the -308A allele in the promoter region is transcribed in vitro at seven times the rate of the Ϫ308G allele.
MCP-1 (or CCL2) may play a significant role in asthma because of its ability to induce mast cell activation and leukotriene C 4 release into the airway, which directly induces airway hyperresponsiveness (7) . A biallelic A/G polymorphism in the MCP-1 distal gene regulatory region at position Ϫ2518 has been found that affects the level of MCP-1 expression in response to an inflammatory stimulus (8) .
RANTES, or CCL5, is one of the most extensively studied chemokines in allergic and infectious diseases (9) . A polymorphism in the RANTES promoter region (-403 G/A) have been found affecting the transcription of the RANTES gene (10) .
C. pneumoniae has been shown to induce TNF␣, MCP-1, and RANTES expression in various systems, and, conversely, several data indicate that these molecules influence the host defense against the bacterium (11) (12) (13) . Given this reciprocal interaction, and the roles of C. pneumoniae, TNF␣, MCP-1, and RANTES in asthma, it might be hypothesized that polymorphisms, which influence the level of these molecules, might have an effect on the infection and/or the susceptibility to asthma in patients infected with C pneumonia. To test this hypothesis, we compared the prevalence of different infection status of children with different genotypes and investigated the role of C. pneumoniae infection in children with asthma comparing them with healthy controls and studied the modi-fying effect of these polymorphisms on the susceptibility to the disease.
METHODS

Subjects.
The asthmatic children attended the Allergic Outpatient Consultation of the Budai Children's Hospital. All the asthmatic children had specialist physician-diagnosed asthma with the following characteristics: 1) recurrent breathlessness and expiratory dyspnea requiring treatment; 2) physician diagnosed wheeze; and 3) reversibility of the wheezing and dyspnea by bronchodilator treatment measured as forced expiratory volume 1 s (FEV 1 ) by a spirometer (piston) (14) . Altogether, 185 asthmatic patients were enrolled in the study. After clinical and laboratory investigation, 41 patients were excluded from the further investigation. Exclusion criteria included medication within the last 6 wk for other diseases than asthma, positivity for C. trachomatis or C psittaci, or apparent viral or bacterial infection. After the exclusion 144 asthmatic children remained in the study.
All the asthmatics (or their parents) were instructed to record accurately for 2 wk their symptoms, treatment, and twice-daily (in the evening and in the morning) peak expiratory flow (PEF). If the patient is younger than 5 y old, the determination of lung function tests (PEF or FEV 1 ) is usually not possible. In that case, the diagnosis of the disease was made according to the other symptoms. Asthma severity was classified according to Global Initiative for Asthma guidelines (15, 16) (detailed description of our classification of asthma severity is in ref. 16 ). Some clinical and biologic characteristics of the asthmatic patients are presented in Table 1 .
The control children were randomly selected from outpatients from the Orthopaedic Department in the Budai Children's Hospital. One or two control patients were matched to one asthmatic patient. Matching criteria included age, ethnicity and sex. Altogether 232 controls were recruited for the investigation. After clinical and laboratory investigation 58 patients were excluded from the study. Exclusion criteria included medication within the last 6 wk, positivity for C. trachomatis or C psittaci, lung function test value less than 80% of the predicted value for that person, apparent viral or bacterial infection. Subjects in the control group had mild musculoskeletal alterations like pes planus or scoliosis. After the exclusion 174 healthy children (Table 1) participated in the study.
Informed parental consent was obtained for each patient and control and the study was approved by the Institutional Review Board of Budai Children's Hospital. The investigation conforms to the principles outlined in the Declaration of Helsinki.
All children were from Budapest and most of them belonged to the Hungarian Caucasian population. Approximately, 5% of the children were of Gypsy origin (6 asthmatics and 8 controls), which rate is similar to that of in the general population of Budapest.
Laboratory analysis. Total Genomic DNA was extracted from white blood cells using QIAamp DNA Blood Midi Kit of QIAGEN GmbH (Hilden, Germany).
The RANTES -403 genotype was determined using an RsaI site introduced with a mismatch into the PCR primer next to the G-A transition. Amplification with the primers RANTES -581S: 5=-CAC AAG AGG ACT CAT TCC AAC TCA-3= and RANTES -376AS: 5=-GTT CCT GCT TAT TCA TTA CAG ATC GTA-3=, which has a guanine instead of a thymine (underlined) generated a 206 bp product. Digestion with RsaI yields 180 and 26 bp fragments when G is at position -403. The products were separated in 3% agarose gel, stained with ethidium bromide.
The MCP-1 -2518 genotype was determined with a PCR-restriction fragment length polymorphism (RFLP) assay using a PvuII site affected by the G/A polymorphism. Amplification with the primers MCP417S: 5=-TCT CTC ACG CCA GC ACT GAC C-3= and MCP650AS: 5=-GAG TGT TCA CAT AGG CTT CTG-3= generated a 234 bp product. Digestion with PvuII yields 159 and 75 bp fragments when G is at position Ϫ2518. The products were separated in 3% agarose gel, stained with ethidium bromide.
The TNF␣ -308 polymorphism was determined by DNA amplification by PCR using the primers: TNFA1: ATC TGG AGG AAG CGG TAG TG; and TNFM1: AAT AGG TTT TGA GGG CCA TG. The PCR products were digested at 37°C with NcoI and separated in 4% agarose gel, stained with ethidium bromide.
All genotypes were determined at least twice. Only those genotypes were accepted, when at least two genotypings gave the same results.
C. pneumoniae-specific IgA and IgG were determined from serum used Sero CP-IgA, IgG protein ELISA (Savyon Diagnostics, Ashdod, Israel) according to the manufacturer's instruction. Serum was designated as positive if the cut-off index (COI) was Ͼ1.1. C. trachomatis or C psittaci were determined by ELISA with SeroFIA C. psittaci, SeroFIA C. trachomatis kits by Savyon Diagnostic Ltd.
Total serum IgE levels and specific IgE levels to more than 100 allergens were determined by the Pharmacia CAP System (Pharmacia Diagnostics AB, Uppsala, Sweden). IgE levels were defined as high in subjects whose total serum IgE exceeded 100 kU/L, and specific IgE was considered positive in those having detectable allergen-specific IgE (Ͼ0.35 kU/L). Atopy was defined by positive skin prick test to at least one allergen (wheal diameter 3 mm greater than saline control) and/or positive total or specific IgE levels.
Statistical methods. Allele frequencies were calculated by allele counting. Data were analyzed using MedCalc 5.0 (MedCalc Software, Belgium), SPSS 11.0 (SPSS Inc.), and Arlequin 1.1 (Genetics and Biometry Lab, University of Geneva) programs. Hardy-Weinberg equilibrium was tested by using a 2 goodness-of-fit test.
2 test was used to test for differences in allele distribution between the groups. Confidence intervals were calculated at the 95% level. It has earlier been suggested that the response to the C. pneumoniae infection is influenced by sex (4). Furthermore, the age, especially in childhood, may also have substantial impact on the immune response. To minimize the effect of these two potentially confounding factors, the results were adjusted for age and sex by multiple logistic regression analysis. In some analyses, genotype*serology interaction test was also included. To account for multiple testing, we used the Bonferroni correction and considered significant only those results for which p Ͻ 5.6 ϫ 10
Ϫ3 . Table 2 shows the number and percentage of children positive for C. pneumoniae-specific antibodies in the two groups. There were no significant differences in the proportion of patients positive for any C. pneumoniae-specific antibodies between asthmatic and control children. Furthermore, there were no differences between sexes in the infection status in any groups of children (data not shown).
RESULTS
It has been suggested that IgG positivity indicates that the probands have had C. pneumoniae infection in the past and the presence of short-lived specific IgA antibodies to C. pneumoniae can be associated with both acute and chronic infection (persistent levels of IgA). Potentially chronic or recurrent infection with C. pneumoniae may be identified when IgG positivity is combined with IgA positivity. According to this latter definition 29 asthmatic (20.1%) and 37 control (21.3%) had chronic or recurrent C. pneumoniae infection among our patients. The two groups did not differ statistically in this respect either (Table 2) . (16, 17) .
‡ Severe asthma is very rare in childhood.
TÖ LGYESI ET AL.
The Table 3 shows the genotype distribution and the prevalence of the polymorphisms in asthmatic and control patients. All genotypes in all samples were determined. The results were overall in "Hardy-Weinberg" equilibrium. As we have described previously the prevalence of the Ϫ2518G allele in the gene regulatory region of the MCP-1 is significantly higher in the asthmatic children than in the controls [33.3% versus 21.0% in asthmatic versus control patients, respectively; p Ͻ 0.001; OR ϭ 1.88(1.32-2.69)]. Detailed description of the analysis of the connection between asthma and the MCP-1 -2518 polymorphism is presented in ref. 16 .
No significant differences were observed in the genotype and allele frequencies of the RANTES and TNF␣ promoter polymorphisms between the two groups (Table 3) .
No significant difference between C. pneumoniaeseropositive and -seronegative individuals in the frequencies of the polymorphisms was revealed. None of the genotypes was associated with altered susceptibility to C. pneumoniae infection (data not shown).
To evaluate the modifying effect of the three polymorphisms on the susceptibility to asthma in C. pneumoniae infection, children were stratified according to their genotypes, and the asthmatic and control children were compared on the basis of their infection status. Logistic regression analysis for the association between the prevalence of different C. pneumoniae-specific antibodies and asthma in children with different genotypes is presented in Table 4 .
Among asthmatic children carrying the TNF␣ Ϫ308A allele, there were significantly more patients positive for C. pneumoniae-specific IgG, than among control children carrying the same allele [20.1% versus 9.2% of asthmatic versus control children, respectively; p ϭ 0.002; odds ratio (95% confidence interval) (OR (95% CI)) ϭ 4.08 (1.75-9.52)]. The results remained significant after adjusting for age and sex [p ϭ 0.005; OR (95% CI) ϭ 3.52 (1.52-7.53) ( Table 4) ]. These results were confirmed by an interaction test regarding C. pneumoniae IgG positivity*TNF␣ Ϫ308A allele interaction for asthma susceptibility, which gave similar results [p ϭ 0.005; OR (95% CI) ϭ 4.16 (1.83-9.61)]. These results indicate that C. pneumoniae-specific IgG positivity is associated with asthma, when only children carrying the TNF␣ Ϫ308A alleles are considered.
In contrast, comparing asthmatic children homozygous for the wild-type TNF␣ -308 allele (G/G) with control children with identical genotype, there were less asthmatic patients positive for C. pneumoniae-specific IgG than among control children (24.3% versus 39.1% of asthmatic versus control children, respectively; p ϭ 0.01; OR (95% CI
Ϫ3
). There were no significant differences between asthmatic and control children when the TNF␣ Ϫ308 genotypes and C. pneumoniae-specific IgA or the combined IgA ϩ IgG positivity were considered. The MCP-1 -2518 and the RAN-TES Ϫ403 polymorphisms did not influence the asthma risk associated with C. pneumoniae in this context (Table 4) .
To further evaluate the role of these polymorphisms in the susceptibility to asthma among children infected with C. pneumoniae, the prevalence of the different genotypes in subjects positive for C. pneumoniae-specific antibodies was compared in asthmatics and controls. Logistic regression analysis for the association between the prevalence of different genotypes and asthma in children positive for C. pneumoniaespecific antibodies is presented in Table 5 .
The distribution of the TNF␣ Ϫ308 genotypes differed significantly between asthmatic and control children who were positive for C. pneumoniae-specific IgG. The proportion of children with the rare TNF␣ allele was higher in asthmatics than in healthy controls comparing it with children with the G/G genotype [45.3% and 54.7% of asthmatics versus 19.0% and 81.0% of controls had G/A ϩ A/A versus G/G genotypes, respectively; adjusted OR (95% CI) ϭ 3.31 (1.62-6.88); p ϭ 0.005].
The distribution of the MCP-1 -2518 genotypes differed also significantly between asthmatic and control children with C. pneumoniae-specific IgG positivity [65.8% and 34.2% of 19 -15.56) ], since the proportion of children with the rare RANTES allele was higher in asthmatics than in healthy controls comparing it with children with the G/G genotype (34.5% and 65.5% in asthmatics versus 10.8% and 89.2% in controls; had G/A ϩ A/A versus G/G genotypes, respectively) but the p value (p ϭ 0.03) did not reach the Bonferroni corrected level of significance (p ϭ 5.6 ϫ 10
). To assess the effect of chronic C. pneumoniae infection on the severity of asthma in this population we compared the prevalence of children with different C. pneumoniae positivity in groups with intermittent and moderate asthma. According to our results the two groups did not differ significantly from each other in this respect. The two groups did not show significant difference either, when seropositivity and TNF␣, MCP-1, or RANTES variant alleles were considered (data not shown).
One hundred and twelve (77.8%) asthmatic and 35 (20.1%) control patients were atopic. The C. pneumoniae infection, the investigated polymorphisms and their combinations were not associated with atopy.
DISCUSSION
Our study shows that C. pneumoniae-specific IgG positivity is associated with asthma, when children carrying the TNF␣ -308A allele are considered. Furthermore, children infected with C. pneumoniae in the past (IgG positivity) carrying the TNF␣ -308A allele have considerably higher risk of developing asthma than children with similar infection status carrying normal genotypes.
It must be noted, however, that retrospective case-control studies such as ours may suffer from several biases, which may lead to false-positive and to false-negative results. We have matched our patient and control groups for age, sex and ethnicity to reduce this possibility. In addition, we applied the Bonferroni correction for multiple comparisons to reduce the type one error. It is also important to mention that there was no patient with severe asthma in our population thus it is possible that the conclusion of this study may not be applied to those with severe asthma.
A causal association between C. pneumoniae and asthma is biologically plausible, based on the observations that asthma is a chronic inflammatory disease of the airways and that Adjusted for age and sex. Dependent variable in the multiple logistic regression analysis was asthma; independent variables were C. pneumoniae infection status ϩ carrier status (those who were carriers of the rare allele of a gene and were positive, e.g. IgG were denoted by 1, and the rest by 0, and so on with IgA and IgG ϩ IgA positivities), age and sex (n ϭ 318). Adjusted for age and sex. Dependent variable in the multiple logistic regression analysis was asthma; independent variables were carrier status, age, and sex. Only those subjects were considered who were positive for the given C. pneumoniae antibodies.
TÖ LGYESI ET AL.
Chlamydia species are known to produce chronic inflammatory damage in target organs. C. pneumoniae is a common cause of infection, but clearly, not all infected patients develop asthma. This suggests that certain individuals may be genetically predisposed to the chronic effects of C. pneumoniae infection on airway function, or be genetically susceptible to infection, rendering them more likely to be persistently infected.
Bacterial infection of resident airway cells, such as epithelial cells or macrophages, produces a cascade of cytokines and chemokines that recruit and activate immune cells involved in bacterial destruction. However, these immune cells may also lead to inflammation and tissue damage (17) . Several studies have indicated that C. pneumoniae infection induces the expression of several cytokines and chemokines, among others TNF␣, MCP-1, and RANTES, all of them are implicated in the pathomechanism of asthma (5, 10, 16) .
TNF␣ has been shown to play an important role in immunity to bacterial infection, including chlamydiae (13) . There is evidence that TNF␣ plays a role in vivo in host defence against chlamydiae, but, due to indirect effects, it can also delay the clearance of the bacteria (18) . TNF␣ is also an important modulator in the chronic inflammatory process of asthma. In murine models of asthma, either a deficiency in TNF␣ receptors, chronic treatment with a TNF␣ antibody or induction of a TNF␣ autoantibody, results in marked attenuation of antigen induced airway inflammation (19, 20) . In addition, inhalation of TNF␣ in both rodents (21) and normal (22) or asthmatic humans (23) leads to the development of airway hyperresponsivity accompanied by airway neutrophilia. The TNF␣ Ϫ308A allele has been tested in 19 published studies so far, and an association between the A allele and asthma was reported in seven of these studies (24) . In one additional study, an extended haplotype in the TNF␣ and lymphotoxin genes was found to be associated with asthma susceptibility and an increased frequency of transmission from parents of the G allele to their child with asthma was shown (24) . Our study failed to detect an association between this promoter polymorphism and asthma. But the difference between the asthmatic and control children became significant when subjects stratified according to TNF␣ Ϫ308 genotypes and C. pneumoniae-specific IgG were considered. According to these results C. pneumoniae infection may lead to the development of asthma in genetically predisposed children carrying TNF␣ Ϫ308A allele. Naturally, a reverse scenario is also feasible. Asthmatic children with TNF␣ Ϫ308A allele are prone to developing a chronic C. pneumoniae infection, which could then propagate the asthma process. Although our results that the TNF␣ Ϫ308A allele together with past (IgG positivity) and not the chronic or recurrent (IgA, or IgG ϩ IgA positivity) infection associates with the increased susceptibility to asthma does not support this hypothesis, prospective studies are needed to determine the exact role of this genotype-environment interaction in the disease. It must be noted, however, that those with C. pneumoniae antibodies probably have had past infection, but the converse is not necessarily true. In fact, the persistence of antibodies may be directly related to the rate of immune clearance of chlamydophila.
Therefore, it cannot be assumed that those without antibodies have not had C. pneumoniae infection. This can reduce the power of this study and might offer an explanation to the findings with regard to past versus chronic/recurrent infection."
The exact role of the TNF␣ Ϫ308A allele is quite controversial in this process. Several studies have indicated that the allele is associated with increased TNF␣ transcription (6, 25) . In this case, increased TNF␣ expression might be associated with an increased susceptibility to inflammation. C. pneumoniae infection is also linked to chronic inflammatory damage in the infected organs. The coincidence of the -308A allele and the C. pneumoniae infection might make individuals more susceptible to developing asthma. Additionally, C. pneumoniae infection might provoke higher TNF␣ expression in individuals carrying the 308A allele increasing the risk of asthma. However, others have stated that the Ϫ308A allele does not up-regulate the TNF␣ level (24, 26) . Earlier we have shown that the TNF␣ Ϫ308 allele is part of an extended ancient haplotype (haplotype 8.1) and is in close linkage disequilibrium with the hemolytically inactive complement C4A*Q0 allele located approximately 430 kb from the TNF␣ gene on chromosome 6 (27, 28) . The complement system plays a principal role in the defence against bacterial infection. Therefore, it can be assumed that carriers of the silent C4A*Q0 allele have an impaired capacity to eliminate or mitigate C. pneumoniae infection increasing the risk for developing chronic conditions like asthma. Naturally, it is also possible that genes linked with these alleles are also involved, since there are other candidate genes in close vicinity, including the MHC genes, lymphotoxin-␣ and ␤ (related to TNF␣), heat shock protein 70 (putative role in autoimmune inflammation), leukocyte-specific transcript-1 (involved in macrophage activation), and several other genes with still uncertain or unknown functions.
The high OR (4.32) for C. pneumoniae IgG ϩ IgA positive children carrying the RANTES Ϫ403A allele for developing asthma is also an interesting result. Although the p value did not reach the level of significance because of the Bonferroni correction, it must be noted that this correction is known to be conservative and thus "overcorrected" the raw p values. Regarding the important role of RANTES in both asthma and C. pneumoniae infection, investigation of higher number of patients should be needed to explore the exact biologic role of this polymorphism in this process.
We have found no associations between atopy and the C. pneumoniae infection, the investigated polymorphisms and their combinations. It must be noted, however, that the control population is significantly less atopic than the asthmatic population, and because the nonasthmatic atopic children are too few to involve in a valuable statistical analysis, it cannot be excluded that the observed associations are influenced by the difference in the prevalence of atopy between the asthmatic and control patients. Investigation of higher number of nonasthmatic atopic patients may explore the exact role of the interaction between C. pneumoniae infection and the TNF␣ polymorphism in these diseases (study is in progress).
TNF␣ AND C. PNEUMONIAE IN ASTHMA
These results are in good correlation with the findings of Conway et al., who investigated patients with scarring trachoma caused by infection with Chlamydia trachomatis and detected higher prevalence of the TNF␣ Ϫ308A allele in patients than in controls (29) . Our paper is also in line with some recent reports, which investigate the role of genetic variations in the immune systems (30, 31) . The effects of these variations are usually modest and insufficient to cause disease when taken individually. However, they might induce significant phenotypic differences when they become involved in gene-by-gene and/or gene-by-environmental interaction.
In conclusion, this article presents an association between a promoter polymorphism of the TNF␣ gene, C. pneumoniae infection, and development of asthma. Additionally, this study highlights the possible roles of polymorphisms in the immune system in response to bacterial infection.
